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Abstract: Given the disappearance of the 750 GeV di-photon LHC signal and the
absence of signals at high mass in this and other channels, significant constraints on
the mixed Higgs-radion of the five-dimensional Randall-Sundrum model arise. By
combining all channels, these constraints place a significant radion-mass-dependent
lower bound on the radion vacuum expectation value that is fairly independent of
the amount of Higgs radion mixing.
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1 Introduction
The most recent ATLAS and CMS data place an upper bound on the cross section
for production of a heavy spin-0 resonance as a function of mass in a variety of channels,
including γγ, Zγ, tt¯, hh, WW, ZZ and di-jet final states. In this report, we show that
these upper bounds imply significant constraints on the mixed Higgs-radion sector of the
Randall-Sundrum (RS) model [1], when choosing the Higgs-like mass eigenstate h to have
mh = 125 GeV and considering the radion-like mass eigenstate to have mφ ≥ 300 GeV.
The most important bounds near the conformal limit are those from the γγ final state
whereas when significantly away from the conformal limit the strongest bounds arise from
the ZZ final states.
We recall that the RS model is very attractive in that there is no hierarchy problem and
economical in the sense that no non-SM extra matter is present beyond that implied by the
extra-dimensional context. The possible importance of a φ→ γγ signal was first noted in [2]
with more quantitative discussion in Refs. [3–5] and [6], the latter showing the dominance of
the φ→ γγ, gg decay modes near the conformal limit in the case of mφ = 500 GeV. Aside
from the earlier version of this paper, the radion/dilaton interpretation of the observed
750 GeV di-photon excess was also discussed in [7–11].
The RS model consists of one extra spatial dimension bounded by two D3-branes;
this can be viewed either as a finite interval or as an S1/Z2 orbifold. In the limit of
no back-reaction, the bulk background geometry is the anti-de Sitter (AdS) space and
the spectrum contains a massless radion. It has been shown that the Goldberger-Wise
mechanism is successful both in stabilizing the size of the inter-brane distance in this
– 1 –
model and in giving the radion a mass [12, 13]. In this work we will consider an effective
theory where the radion is massive. In the notation of Refs. [3, 4, 6] the five-dimensional
(5D) metric has the following form,
ds2 = e−2kb0|y|ηµνdxµdxν − b20dy2, (1.1)
where k is the curvature of the 5D geometry, b0 is a length parameter for the 5th dimension
that is not determined by the action, and −1/2 ≤ y ≤ 1/2. For the model considered here,
1
2kb0 ∼ 35, as appropriate if the RS model is to constitute a full solution to the hierarchy
problem. The fluctuation of the 55-component associated with b0 is referred to as the
radion, φ0(x).
The outline of our paper is as follows. In Sec. 2 we describe the specific Higgs-radion
mixing model that we consider to be particularly strongly motivated. We present a com-
plete phenomenological analysis of this Higgs-radion model in Sec. 3, and, in particular,
use the most recent experimental data to constrain its crucial parameters for the radion
mass range mφ = [300 − 1000] GeV . We conclude this report in Sec. 4. In Appendix A
we collect all the experimental results from ATLAS and CMS (run-1 and run-2) which are
employed in this work.
2 Realistic Higgs-radion of RS model
The literature on radion models is extensive, but mainly falls into three model cat-
egories – namely those with: the SM on the IR brane [14]; the SM in the bulk but the
Higgs doublet on the IR brane [5, 6, 15]; or the full SM (including the Higgs doublet) in
the bulk [16]. Here, we consider a “mixed” model in which the Higgs doublet, the tL,R and
the bL are localized on the IR brane while the remaining SM fields (including especially
the gauge bosons) are in the bulk. We also assume a local bulk custodial symmetry [17] of
SU(2)L × SU(2)R ×U(1)X , where the SU(2)R ×U(1)X fields are broken to U(1)Y on the
UV brane, such that Y = T 3R + X. This custodial symmetry allows us to obtain a lower
scale for the new physics resonances (KK-modes) without violating bounds coming from
the electroweak precision observables (EWPO).
Within the above setup we will allow for a Higgs-gravity coupling, ξR4H†H [2], local-
ized on the IR brane, where ξ is a dimensionless parameter and R4 is the four-dimensional
(4D) Ricci scalar coming from the induced metric on the IR brane. This results in the
following 4D effective Lagrangian for the scalar sector, (see [4])
Leff = 1
2
(∂µφ0)
2 − 1
2
m2φ0φ
2
0 − 6ξΩΩH†H + |DµH|2 − Ω4V (H), (2.1)
where φ0 is the (unmixed) radion field and mφ0 its bare mass. Above, Ω(φ0) ≡ 1− `φ0/v0,
where
` ≡ v0
Λφ
, (2.2)
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with v0 = 246 GeV and Λφ ≡
√
6MPle
−kb0/2 is the vacuum expectation value (VEV) of
the radion field. As we will show below, phenomenological constraints make it difficult to
accommodate Λφ <∼ 2.5 TeV, implying that ` is limited to ` <∼ 1/10. 1
We note that this setup neglects the effects of the back-reaction due to the stabilization
mechanism upon the metric which could, in principle, cause deformations to the AdS5
space (corresponding to explicit breaking of the conformal symmetry). The concern would
then be that the suppression of the radion’s coupling to the longitudinal modes of the
weak gauge boson near the conformal limit (ξ = 1/6), as needed for a maximal branching
fraction for decay of the radion to γγ, might be reduced. This issue deserves further detailed
dedicated study. For now we note that [13] and [14] have shown that the back-reaction
on the metric is indeed negligible in certain cases in the absence of Higgs-radion mixing.
For phenomenological purposes, a small shift in the values of ξ corresponding to maximal
suppression of the WW and ZZ final states will not significantly affect our results, other
final states such as hh and tt¯ being of greater importance.
Proceeding, we next rewrite the above Higgs-radion Lagrangian at the quadratic level
as
L(2)eff = −
1
2
(1 + 6ξ`2)φ0φ0 − 1
2
m2φ0φ
2
0 + 6ξ`h0φ0 −
1
2
h0h0 − 1
2
m2h0h
2
0 , (2.3)
where h0 is the neutral scalar of the Higgs doublet H, and mh0 ≡
√
2λv0 is the bare Higgs
mass. In the above Lagrangian the ξ term that mixes the Higgs and the radion can be
removed by rotating the scalar fields into the mass eigenstate basis,(
φ0
h0
)
=
(
−a −b
c d
)(
φ
h
)
, (2.4)
where
a = − cos θ/Z, b = sin θ/Z, c = sin θ + t cos θ, d = cos θ − t sin θ, (2.5)
with t ≡ 6ξ`/Z, Z2 ≡ 1 + 6ξ`2(1− 6ξ) and
tan 2θ =
12ξ`Zm2h0
m2φ0 −m2h0(Z2 − 36ξ2`2)
. (2.6)
As noted earlier, the γγ final state is of particular importance for constraining the
model when ξ is near the conformal limit of ξ = 1/6. Thus, we will be providing some
details regarding this limit. In particular, some expansions will be useful. For now, given
that ` <∼ 1/10 for the Λφ >∼ 2.5 TeV range of interest, we note that for a large range of
ξ values, including values near the ξ = 1/6 conformal limit, it is legitimate to expand
1We note that a positive definite kinetic energy for the radion requires
1
12
(
1−
√
1 +
4
`2
)
≤ ξ ≤ 1
12
(
1 +
√
1 +
4
`2
)
,
which is satisfied for a broad range ξ (including the conformal limit ξ = 1/6) for ` <∼ 1/10.
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Eq. (2.6) in powers of ` and express the result in terms of the physical mass parameters,
mh and mφ:
tan 2θ =
12ξ`m2h0
Z(m2φ +m
2
h − 2m2h0)
' 12ξ`
(
mh
mφ
)2 [
1− 3ξ(1− 6ξ)`2]+ · · · , (2.7)
where the ellipsis stands for terms which are quite small for mφ ≥ 300 GeV and Λφ >∼
2.5 TeV 2. Note that for ξ = 1/6 and ` <∼ 1/10 one obtains θ ' `(mh/mφ)2 <∼ 1/60 for
mφ ≥ 300 GeV.
The most relevant radion couplings are summarized in Fig. 1. There, we have included
the “anomalous” couplings of the radion to WW , ZZ and Zγ along with the standard
“anomalous” couplings of the radion to gg and γγ. The former ones have been neglected in
past studies (see for example Refs. [3], [15] and [6]) relative to tree-level couplings propor-
tional to m2V (existing for the ZZ and WW cases). For ξ values near the conformal limit,
these latter are significantly suppressed and the anomalous couplings may have substantial
impact. The κV terms and the non-SM tensor structures in the WW and ZZ vertices are
both due to the vector bosons being present in the bulk and were first summarized in [15],
see also [6]. Of course, all these couplings involving the W and Z are obtained assuming
they acquire their masses from the brane-localized Higgs vev. Note that even though the
brane contributions to φV V are suppressed towards the conformal point (so that anoma-
lous terms might be relevant), there are also large bulk contributions ∝ κV which remain
unsuppressed. Therefore one can safely conclude that the anomalous contributions are
relevant only for the φgg, φγγ and φZγ vertices.
For the present paper, the most important point to note from the earlier studies, see
e.g. [2–6], is that the coupling of the radion to the trace of the energy momentum tensor
leads to the existence of a special choice of ξ where the radion’s couplings to SM particles
that live on or close to the IR brane are suppressed while the φγγ, φZγ and φgg couplings
have extra “anomalous” contributions that are not suppressed. As a result, for this special
choice of ξ it is possible for the radion to be strongly produced by gg fusion with primary
decay to gg (a di-jet final state) but also with significant branching ratio for decay to γγ
and Zγ. Strikingly, the special choice of ξ for which this situation arises when mφ  mh is
close to the conformal limit of ξ = 1/6 ' 0.167. For example, the tL, tR and bL (presumed
to be localized on the IR brane) have couplings to the radion that are proportional to
gφ (defined in Fig. 1) which vanishes at ξ ∼ 0.162 for small ` if mh = 125 GeV and
mφ = 750 GeV. For larger mφ values, the value of ξ for which gφ vanishes approaches
1/6 while for mφ = 300 GeV it is close to 0.142. In contrast, the WW,ZZ couplings
have additional terms not proportional to gφ as a result of their propagation in the bulk.
Consequently, as discussed later, the φWW and φZZ couplings never actually vanish, but
have minimum values at slightly lower values of ξ. The locations of these minima approach
the value of ξ where gφ = 0 as the mass of the first KK-gluon excitation, m
g
1, increases in
magnitude.
2Although this expansion will be useful in later discussions, to get precise results we employ the exact
computation outlined in [3].
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h, φ
k1 W,µ
W, νk2
igmW
(
gh,φ − grh,φκW
)[
ηµν − 2gWh,φ
(
ηµνk1 · k2 − kν1kµ2
)]
h, φ
k1 Z, µ
Z, νk2
ig mZ
cos θW
(
gh,φ − grh,φκZ
)[
ηµν − 2gZh,φ
(
ηµνk1 · k2 − kν1kµ2
)]
h, φ
k1 γ, µ
γ, νk2
iα
2piv0
[
grh,φ
(
b2 + bY +
4pi
αkb0
)
− gh,φ
(∑
i e
2
iN
i
cF1/2 + F1
)](
ηµνk1 · k2 − kν1kµ2
)
h, φ
k1 γ, µ
Z, νk2
iα
2piv0
[
2grh,φ
(
b2
tan θW
− bY tan θW
)
− gh,φ
(
AF + AW
)](
ηµνk1 · k2 − kν1kµ2
)
h, φ
k1 g, µ, a
g, ν, bk2
iδab αs
4piv0
[
2grh,φ
(
b3 +
4pi
αskb0
)
− gh,φ
∑
i F1/2
](
ηµνk1 · k2 − kν1kµ2
)
h, φ
f
f¯
−ig
2
mf
mW
gh,φ
where gh ≡ (d+ `b), gφ ≡ (c+ `a), grh ≡ `b, grφ ≡ `a,
κV ≡ 3m
2
V kb0
2Λ2φ(k/MPl)
2 , g
V
h,φ ≡
grh,φ
(gh,φ−κV grh,φ)m2V
(
1
2kb0
+ ganomV
)
ganomW ≡ α8pi b2sin2 θW , ganomZ ≡
α
8pi
(
b2
tan2 θW
+ bY tan
2 θW
)
b2 = 19/6, bY = −41/6, b3 = 7, θW : Weinberg angle
Figure 1: Feynman rules for the SM particles couplings with the Higgs h(x) and the radion φ(x)
(the complete list can be found in Refs. [3, 6]). The triangle loop functions F1/2, F1, AF and AW
are given in Ref. [18].
3 Phenomenology of the Higgs-radion
3.1 Bounds from EWPO
Apart from the mixing, the strength of the couplings between the radion and SM fields
is controlled by the scale Λφ, k/MPl and
1
2kb0 = ln(
√
6MPl/Λφ) ∼ 35 (see below Eq. (1.1)).
However, important constraints on the phenomenology of the model arise from the relation
of the first KK-gluon mass mg1 to Λφ and k/MPl:
mg1 =
xg1√
6
k
MPl
Λφ, (3.1)
where xg1 ' 2.45 is the 1st zero of an appropriate Bessel function [3]. Direct bounds from
the LHC on mg1 are typically ∼ 3 TeV [19, 20]. Bounds on mg1 from electroweak precision
observations (EWPO) are rather model dependent. A value of mg1 as low as 3 TeV is
possible for the model we employ in which the gauge fields (including, especially, the W
and Z) propagate in the bulk and a bulk SU(2)L× SU(2)R ×U(1)X symmetry is present.
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Figure 2: Correlation between mg1 and k/MPl for different contours of Λφ (in the unit of TeV).
The region below mg1 = 3 TeV (dashed-red line) is excluded by the EWPO.
In Fig. 2 we show the contours of Λφ in the (m
g
1, k/MPl) plane, where the region below
mg1 = 3 TeV (dashed-red line) is excluded by EWPO. The ratio k/MPl is often assumed
to be small. However, in Ref. [21] it is pointed out that the higher curvature terms are
suppressed by powers of R5/Λ
2 rather than R5/M
2∗ , where Λ is the scale at which the
5D gravity theory becomes strongly coupled, M∗ is the 5D Planck mass and R5 = 20k2
is the 5D Ricci scalar. We also recall that the 4D Planck mass MPl is related to M∗ by
M2Pl = M
2∗ /k. The crucial point is that Λ could be significantly larger than the 5D Planck
mass M∗ while still having a relatively small value for the expansion parameter R5/Λ2. For
instance, Naive Dimensional Analysis (NDA) gives an estimate Λ ∼ 2 3√3piM∗. With this
observation one finds that the ratio k/MPl would only have to be ≤ 3 for R5/Λ2 < 1, for
which there is no need to invoke higher order gravity terms.
The implications for potential observation of a Higgs-radion signal at colliders are the
following. The signal strengths in the various observable channels decrease with Λ−2φ (since
the couplings of φ to possible initial states scale as Λ−1φ while the branching ratios for φ
decay to a given final state are roughly independent of Λφ). As we will see, the current
absence of signals implies a fairly significant mφ-dependent lower bound on Λφ, roughly
Λφ >∼ 2.5 TeV at large mφ, increasing to larger values at smaller mφ. From Fig. 2, we
observe that for a fixed value of Λφ a larger m
g
1 requires a larger value of k/MPl to achieve
this particular value of Λφ — taking the example of Λφ = 2.5 TeV, for m
g
1 > 3 TeV we
would need k/MPl >∼ 1.2, whereas for mg1 > 5 TeV k/MPl >∼ 2 is required. Thus, if the
bound on mg1 increases then the minimum value of k/MPl must increase in order to achieve
a given value of Λφ. Should the LHC eventually set a direct lower bound of m
g
1 > 10 TeV,
and if we take the maximum value allowed for k/MPl to be 3, then Λφ cannot be smaller
than about 3.3 TeV. We will see that at lower mφ ∼ 300 GeV, direct searches for a radion
signal already exclude such a low value of Λφ whereas at high mφ >∼ 500 GeV values of Λφ
– 6 –
somewhat below 3.3 TeV are still allowed by current data. Thus, there is a complementarity
between LHC searches for the first excited gluon and for a radion signal.
Returning to the bound on mg1 coming from EWPO, we recall that without a bulk
custodial symmetry, the S and T parameters both receive large contributions from the
mixing of SM gauge bosons with KK gauge bosons [17, 22–24]. These contributions to the
S and T parameters decrease in size as mg1 increases. In practice, the strongest constraint
arises from the T parameter, yielding a lower bound on mg1 of ∼ 10 TeV. To weaken this
bound, one can first consider imposing a custodial SU(2)R bulk symmetry. In this case,
the contributions to T from KK gauge mixing vanish, but those to S remain unchanged,
implying an even larger lower bound on mg1. However, if we break the SU(2)R symmetry
slightly, then the T parameter can be tuned to “match” the S parameter so as to remain
within the 95% CL LEP S–T ellipse provided mg1 >∼ 3 TeV. It is also important to
comment here that the above mentioned custodial symmetry, which keeps the S and T -
parameters within the experimental bounds, also protects the Zb¯b vertex from receiving
large corrections, see for instance Ref. [25]. Finally, corrections to S and T -parameters
due to φV V and φφV V couplings must be considered. However, these are adequately
suppressed so long as current experimental limits on the cross section for radion production
and decay to vector bosons are obeyed (as will be the case for our model). Thus, it is
appropriate to explore the Higgs-radion approach for a lower bound on mg1 of order 3–5
TeV.
3.2 Cross section and branching ratio computations
We provide here a few details about our procedures for computing the cross sections
and branching ratios for the radion. The cross-sections for different initial and final states
are given by:
σ(Y Y → φ→ XX) = σSM(Y Y → h)|mh=mφC2φY Y Br(φ→ XX), (3.2)
where σSM(Y Y → h) with Y Y = gg or V V is the Higgs-like scalar production cross-
section as obtained by the Higgs Cross Section Working Group (HCWG) [26] calculated at
the radion mass, and the effective couplings CφY Y is defined as,
C2φY Y ≡
σ(Y Y → φ)
σSM(Y Y → h)|mh=mφ
=
Γ(φ→ Y Y )
ΓSM(h→ Y Y )|mh=mφ
, (3.3)
where we obtain the SM partial decay widths ΓSM(h→ Y Y )|mh=mφ from HCWG [26] and
Γ(φ→ Y Y ) is obtained using the Feynman rules given in Fig. 1. As an important example,
for gg → φ one finds
C2φgg =
∣∣∣∣∣gφ − 2grφ b3 +
4pi
αskb0∑
i F1/2
∣∣∣∣∣
2
. (3.4)
In Fig. 3 we plot C2φgg, C2φZZ and C2φWW , the effective couplings of the radion to gg, ZZ and
WW , respectively. The first determines the rate for gg → φ, the main production channel,
while the second and third determine the rates for ZZ → φ and WW → φ, respectively.
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Figure 3: These plots show the mφ dependence of C2φgg, C2φZZ , and C2φWW , the effective couplings
of the radion to gg, ZZ and WW , respectively, .
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Figure 4: These plots show the branching ratios of the radion to different final states as a function
of the radion mass. We consider mg1 = 3 TeV and plot results for ξ = 0, 0.15 and 0.3, from left to
right, respectively.
In Fig. 4 we illustrate some important branching ratios of the radion for different final
states as a function of the radion mass for ξ = 0, 0.15 and 0.3. For a given production
mode (e.g. gluon fusion), the relative magnitudes of these branching ratios determine the
relative rates for the various final states. These plots focus on high radion masses in the
interval [300,1000] GeV. Note the dramatic differences between the ξ = 0.15 results (i.e.
near the conformal limit) and those for ξ = 0 and ξ = 0.3.
3.3 Radion signal in the γγ channel
The γγ channel is quite crucial in that it provides the largest potentially observable
radion signal when the mixing parameter ξ is close to the conformal limit ξ = 1/6. Because
the model is particularly attractive near the conformal limit, we will discuss the γγ channel
in detail. To understand the nature of the the γγ signal, let us take the example of
mφ = 750 GeV. We first display in Fig. 5 the cross section σ(gg → φ→ γγ) as a function
of ξ. In the left plot we fix mg1 = 3 TeV and color-code according to the value of Λφ ,
while in the right plot we show the variation with mg1 for Λφ = 3, 5 and 7.5 TeV. Recall
that mg1 ≥ 3 TeV is required for consistency with EWPO and bounds from direct searches
[19, 20]. We observe that the maximum gg → φ→ γγ cross section (at ξ ∼ 0.15, 0.16 for
mg1 = 3 TeV, 5 TeV respectively) depends strongly on Λφ, but only weakly on m
g
1. The
current Run-2 upper bounds from ATLAS [27] and CMS [28] at 750 GeV are 1.5 fb and
2.2 fb, respectively. We see that at the maximum point, Λφ >∼ 3 TeV is implied by the
LHC data.3 Of course, for ξ values away from the maximum point the γγ cross section
limits do not strongly constrain Λφ. However, as we shall soon discuss, for such ξ values
3This is to be compared to the previous “signals” of about 10 fb and 5 fb [29, 30], respectively, which
would have required Λφ ∼ 1.5− 2 TeV.
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m
g
1=3 TeV
mh, mφ=(125, 750) GeV √s=13 TeV
σ
(gg
→
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γγ)
 [fb
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Λ φ
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V]
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 [fb
]
ξ
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g
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Figure 5: The left plot shows the cross-section σ(gg → φ → γγ) as a function of ξ for mh =
125 GeV, mφ = 750 GeV andm
g
1 = 3 TeV with different choices of Λφ as indicated by the coloration.
The right plot shows σ(gg → φ→ γγ) for different values of mg1 and Λφ. The accumulation of lines
at the red end of the spectrum in the left plot (and many subsequent plots of this type) is simply
an artifact of using a linear scale for the coloring vs. a log scale for the cross section. The 1/Λ2φ
behavior of the γγ rate (and rates for all other final states) is very apparent in the right figure.
the cross sections in other channels are sufficient to constrain Λφ to lie above about 3 TeV.
The fact that the gg → φ → γγ cross section is maximal near the conformal limit
is entirely due to the suppression of all φ couplings other than those to gg, γγ, Zγ. Note
that in the region ξ ∈ [0, 0.3] the radion couplings to γγ, gg and Zγ are dominated by the
contribution proportional to grφ ∼ −` + O(`3) which depends on ξ very weakly, through
terms ∝ `3. The remaining contribution ∝ gφ is negligible near ξ = 1/6. Therefore, the
resulting ξ dependence of the radion couplings to γγ or gg is rather mild and consequently
Γ(φ→ gg) (and hence σ(gg → φ)) and Γ(φ→ γγ) vary slowly for ξ ∈ [0, 0.3]. In contrast,
the main contributions to the couplings of all the SM particles (except gg, γγ and Zγ)
to the φ actually vanish or have minima in the vicinity of the conformal point, ξ = 1/6,
leading to maximal BR(φ → gg) and BR(φ → γγ). However, as discussed below, the
magnitudes of BR(φ → gg) and BR(φ → γγ) depend crucially upon whether or not the
gauge bosons are confined to the TeV brane or propagate in the bulk. The di-photon cross
section is maximal in the latter case.
3.4 Radion couplings near the conformal limit
Since the γγ signal is maximized near the conformal limit, it is of particular interest
to analyse the radion couplings in this limit. We will use mφ = 750 GeV for numerical
illustration. There are four critical φ couplings: the coupling to the top and bottom
quarks, ∝ gφ; the coupling to hh, gφhh; and the couplings to WW and ZZ. It is helpful to
examine these couplings analytically in the limit of small ` = v0/Λφ. Using the expression
gφ = c+`a, the explicit forms for c and a are given earlier in (2.5), and the approximations
tan 2θ ' 2θ, sin θ ' θ, cos θ ∼ 1 as appropriate for very small θ, see Eq. (2.7), one finds
gφ = `
[
6ξ
(
mh
mφ
)2
+ 6ξ − 1
]
mφ=750 GeV' `
(
37
6
ξ − 1
)
(3.5)
– 9 –
where we have neglected terms of order `3 relative to ` given that ` = v0/Λφ is a small
number. This derives the solution ξ ' 0.162162 for gφ = 0. At this point, the (brane
localized) tt¯ and bb¯ couplings of the φ will vanish. The hh coupling takes the form given
in Fig. 34 of [3]. Despite the complicated form of the coupling, in the limit of small ` one
finds a relatively simple result,
gφhhΛφ
m2φ
= (1− 6ξ) + 2m
2
h
m2φ
(1− 9ξ)− 18ξ
(
m2h
m2φ
)2
mφ=750 GeV
=
19
18
(1− 6.17105ξ) , (3.6)
where terms of order `2 are neglected. Numerically, gφhh vanishes for ξ = 0.162047, i.e.
very close to the value for which gφ vanishes. Finally, we consider the WW,ZZ couplings
of the φ. From Fig. 1 we see that the terms in the φV V couplings proportional to ηµν (i.e.
of SM-like form) are multiplied by ηV ≡ (gφ − grφκV ). For small `, we find the form
ηV = gφ − grφκV ' `
[
κV + 6ξ
(
mh
mφ
)2
+ 6ξ − 1
]
, (3.7)
where κV =
3kb0m2V
2Λ2φ(k/MPl)
2 ' 105m
2
V
mg1
2 for kb0/2 ∼ 35 using the very good approximation
Λφ(k/MPl) = m
g
1, see Eq. (3.1). For m
g
1 = 3 TeV, one finds κW = 0.0761 and κZ = 0.0981.
As a result, for the example of mφ = 750 GeV, ηV vanishes at ξ = 0.150, 0.146 in the W , Z
cases, respectively. Of course, the zeroes shift closer to the ξ = 0.162 point for mg1 = 5 TeV,
occurring at ξ = 0.158, 0.157, respectively. It is important to note that in above equations
(3.5), (3.6) and (3.7) all the next to leading order contributions to these couplings are
suppressed by at least `2 ≤ 1/100 (recall that ` ≡ v/Λφ ≤ 1/10 for Λφ ≥ 2.5 TeV) relative
to the terms we have kept in our analytic discussion. Of course, in our numerical analysis
we considered the exact forms of and relations between all the couplings.
However, there is more to the story. In Fig. 1 one sees terms in the φV V couplings
coming from off-brane effects proportional to ηV g
V
φ = g
r
φ/(2m
2
V kb0) ∼ −`/(2m2V kb0) which
do not vanish for ηV = 0. However, the φV V couplings do have very small values in this
limit. As a result, the WW and ZZ widths will be minimal quite close to the ξ values for
which ηW and ηZ are zero. Nonetheless, the fact that the locations of these minima differ
from the ξ ∼ 0.162 location of gφ = 0 and gφhh = 0 means that the φ→ γγ branching ratio
will be maximal at some intermediate ξ value.
In contrast to the above, the γγ and gg couplings of the φ are slowly varying with ξ
in this conformal region, see also Ref. [2]. Meanwhile, the Higgs coupling coefficient gh '
cos θ ' 1 + `2(mh/mφ)4/2 + · · · , implying a very SM-like 125 GeV state given that ` and
mh/mφ are both very small. Note that achieving gh = 1 and gφ = 0 simultaneously is only
possible if θ = 0 and ξ = 1/6, which would require mφ → ∞. In practice, mφ = 750 GeV
is not far from this situation.
Another remark concerning the gφ = 0 limit is useful at this point. From the Feynman
rules shown in Fig. 1 one sees that if gφ = 0 then Γ(φ → gg) and Γ(φ → γγ) can be
expressed exclusively in terms of the beta function coefficients and the bulk contributions.
The ratio of the cross sections for the production of the γγ and gg final states is independent
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of Λφ in the small ` limit and for gφ = 0 is given by the ratio of the respective branching
ratios
BR(φ→ γγ)
BR(φ→ gg) =
[
α(b2 + bY ) +
4pi
kb0
]2
Nc
[
αsb3 +
4pi
kb0
]2 ' 1360 (3.8)
for Nc = 3, kb0 = 70 and the low-energy values α, αs = 1/137, 0.12. However, there are
radiative corrections to α and αs (yielding α ∼ 1/125 and αs ∼ 0.1 at 750 GeV) as well as
a K factor of about K = 1.35 for the gg final state. The resulting ratio of cross sections
is accidentally quite close to the 1/360 number quoted above. Note that were the gauge
bosons confined to the TeV brane then the 4pi/(kb0) terms would be absent and the ratio
would be a factor of roughly 20 smaller, and the maximum γγ cross section would easily
lie below the current ATLAS and CMS bounds even for Λφ as low as 1 TeV. Thus, to
obtain significant bounds on Λφ (or potential for radion discovery at the LHC) for ξ near
the conformal limit it is necessary that the massless gauge bosons, γ and g, propagate in
the bulk. There are several important reasons why this latter is required in the context
of the present model. First, EWPO consistency for mg1 ∼ 3 − 5 TeV requires that the
W and Z must propagate in the bulk and the underlying SU(3) × SU(2) × U(1) group
structure then requires that the same must be true for the γ and g. Second, to naturally
accommodate light fermions they must be in the bulk and localized towards the UV brane.
Then in order for these fields to have the correct gauge couplings the SM gauge fields are
required to be in the bulk.
The phenomenological features for φ production and decay associated with the above
discussion are manifest in the lower panels of Fig. 6. There, we show the branching ratios
for φ decay to XX = bb¯, tt¯, ZZ, hh, gg, γγ, Zγ, as functions of ξ for mh = 125 GeV,
mφ = 750 GeV and m
g
1 = 3 TeV (left) and 5 TeV (right). In the vicinity of ξ ' 0.162, one
sees that the gg mode dominates radion decay and BR(φ→ γγ) ∼ few×10−3, whereas the
tt¯, bb¯ and hh branching ratios are negligible. The magnitude of the WW,ZZ branching
ratios at ξ ' 0.162 depends upon mg1. For mg1 = 3 TeV, the dips for the V V final states
are significantly separated from the ξ value where gφ = 0 so that one finds BR(φ →
WW,ZZ) ∼ 0.1 if BR(φ → tt¯, bb¯, hh) = 0. Thus, for mg1 = 3 TeV and sufficiently low Λφ,
gg → φ → V V might be observable even if gg → φ → tt¯, bb¯, hh are not and vice versa.
However, for mg1 = 5 TeV the dips in the V V branching ratios are much closer to the
gφ ' gφhh = 0 point, implying that in the vicinity of this point only limits on the γγ and
Zγ rates would be relevant for constraining Λφ. Conversely, away from the gφ ' gφhh = 0
point it is the WW,ZZ, tt¯, hh modes that will provide the strongest limits on Λφ at any
given mφ.
In the upper panels of Fig. 6, we present the total width of the φ, Γtotφ , as a function
of ξ taking mφ = 750 GeV and m
g
1 = 3 TeV and 5 TeV. One sees that at the dip the total
width is very small, e.g. ≤ 0.05 GeV for Λφ > 2.5 TeV for mg1 = 3 TeV. For ξ values away
from the minimal point, Γtotφ grows rapidly, implying that should a signal be seen in the
WW,ZZ, hh, tt¯ channels it should be associated with a substantial total width.
A few more concrete comments concerning the conformal point of ξ ' 1/6 are in order.
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Figure 6: The upper graphs show the total width of the radion Γtotφ , as a function of ξ for
mh = 125 GeV, mφ = 750 GeV, m
g
1 = 3 TeV (left) or m
g
1 = 5 TeV (right) with different choices
of Λφ. The total width has little dependence on the m
g
1 value as expected. The middle and lower
graphs show the branching ratios for φ → XX, XX = bb¯, tt¯,WW,ZZ, hh, gg, γγ, Zγ, as functions
of ξ for mh = 125 GeV, mφ = 750 GeV and m
g
1 = 3 TeV (left) or m
g
1 = 5 TeV (right). The width
of the curves reflects the variation with Λφ for Λφ ∈ [1.5, 6] TeV in the case of mg1 = 3 TeV and for
Λφ ∈ [1.5, 10] TeV in the case of mg1 = 5 TeV.
As is well known [2, 14], if the SM fields are localized on the IR brane, then the radion
couples to the SM as a dilaton
Lφ0-SMint =
φ0
Λφ
Tµµ , (3.9)
where Tµµ is the trace of the energy-momentum tensor. If one includes the Higgs-gravity
mixing contribution in the trace then, using the SM equation of motion for the Higgs field
H, one finds [2] in the unitary gauge (H → (v + h0)/
√
2) that
Tµµ = −(1− 6ξ)
[
∂µh0∂
µh0 +m
2
V VµV
µ
(
1 +
h0
v0
)2 −miψ¯iψi(1 + h0
v0
)
− λ(v0 + h0)4
]
− (1− 3ξ)m2h0(v0 + h0)2 +
α
8pi
[
(b2 + bY )FµνF
µν + 2
( b2
tan θW
− bY tan θW
)
FµνZ
µν
+
( b2
tan2 θW
+ bY tan
2 θW
)
ZµνZ
µν +
2b2
sin2 θW
W+µνW
−µν
]
+
αs
8pi
b3Tr
[
GµνG
µν
]
, (3.10)
where b3 = 7, b2 = 19/6 and bY = −41/6 are the β-function coefficients for QCD, SU(2)
and U(1), respectively. The last two lines above except the first term in the second line are
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Figure 7: We plot σ(gg → φ → gg) as function of ξ for mh = 125 GeV, mφ = 750 GeV and
mg1 = 3 TeV, color-coded by Λφ.
the trace anomaly contributions. As expected, conformal symmetry would be maintained
at the tree level if ξ = 1/6 (the standard condition for the scalar-gravity coupled conformal
theory) and if no explicit conformal symmetry breaking is present (requiring absence of
a Higgs mass term). Therefore, if ξ is close to 1/6, couplings of the φ0 to the massive
SM particles are suppressed either by (1 − 6ξ) or by the Higgs mass terms, the only non-
suppressed couplings being those generated by the trace anomaly. In our case, only the
Higgs field (aside from the tL, tR, bL) is localized on the IR brane. Of course, the above
arguments only hold for the matter fields localized on the IR-brane. All light fermions are
localized toward the UV brane in order to have small mass mf , so that their couplings
to the radion are suppressed by mf/Λφ and therefore can be neglected. However, for
the massive gauge boson fields, the above reasoning is violated by non-neglectable terms
generated due to their being in the bulk; these effects are encoded in the coefficients κV in
Fig. 1. This deviation from the conformal limit is illustrated in Fig. 6 where one can see
that the suppression of BR(φ→ V V ) is shifted away from ξ ∼ 1/6 (the effect being more
pronounced for smaller mg1).
3.5 Other final states
We provide an illustrative discussion for the case of mφ = 750 GeV. As pointed out
in the Introduction, the very large BR(φ→ gg) seen in Fig. 6 could lead to a cross section
for gg → φ→ gg excluded by the di-jet search at the LHC. To illustrate the potential for
future observation of the gg final state, we plot the 13 TeV results for σ(gg → φ → gg)
in Fig. 7 in a manner analogous to Fig. 5. For ξ values in the region around the peak of
the di-photon cross section one finds very significant cross sections for lower values of Λφ.
Of course, one must keep in mind that limits on a di-jet resonance are not as strong as
they might be because of difficult QCD backgrounds. Thus, other final states could (and
currently do) yield stronger exclusions.
In Fig. 8 the cross-sections for gg → φ with φ decay to X = WW, ZZ, Zγ, hh and tt¯
final states, as functions of ξ, assuming mg1 = 3 TeV are shown. As can be seen from the
plots in Fig. 8, near the gφ = 0 (i.e. ξ = 0.162) point the σ(gg → φ)× BR(φ → tt¯, bb¯, hh)
values are highly suppressed, whereas the σ(gg → φ) × BR(φ → WW,ZZ) are much less
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Figure 8: We plot the cross-section σ(gg → φ) × BR(φ → X) for X = WW, ZZ, Zγ, hh, tt¯, as
function of ξ for mh = 125 GeV, mφ = 750 GeV, m
g
1 = 3 TeV with different choices of Λφ.
suppressed. Of course, if mg1 is larger, the cross sections for WW,ZZ close to the ξ value
where gφ = 0 will be smaller and somewhat more difficult to detect. (However, there is
always a minimum value.) Thus, in the vicinity of the dip region, the Zγ final state would
be the most relevant apart from γγ and gg. Indeed σ(gg → φ → Zγ) is approximately
twice as large as σ(gg → φ→ γγ) at the resonance peak. Nonetheless, as we will quantify
shortly, the γγ channel currently provides the stronger limit on Λφ.
Of course, if ξ is not near the region where the γγ, Zγ, gg cross sections peak, then
the strongest limits on Λφ for a given mφ will come from the correspondingly unsuppressed
ZZ,WW,hh, tt¯ final states. Thus, limits on all the final states must be incorporated in
order to determine the minimum value of Λφ for any given value of mφ (and choice of m
g
1).
The limits (see Appendix A for the experimental references employed) on the various final
states as a function of resonance mass are plotted in Fig. 9 (the grey regions are excluded)
in comparison to the predictions of the model for mg1 = 3 TeV for several ξ values.
As an example of how limits on Λφ as a function of ξ and mφ can be extracted from
Fig. 9, let us consider the case of mφ = 750 GeV. Looking first at the ξ = 0.15 predictions
in the γγ final state for Λφ = 3 and 5 TeV, we see that one enters into the excluded grey
region for Λφ ∼ 3 TeV. This should be the rough limit on Λφ at mφ = 750 GeV near the
conformal point, as will be plotted in the following figure. Next consider ξ = 0.3, i.e. far
above the conformal point. Looking now at the predictions (solid lines) in the ZZ final
state in comparison to the excluded grey region for the sample choice of mφ = 750 GeV,
we see that the prediction enters into the excluded region for a Λφ value near ∼ 5 TeV,
which is the limit that will appear in the coming figure.
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Figure 9: ATLAS and CMS run-1 (
√
s = 7/8 TeV) and run-2 (
√
s = 13 TeV) limits on the
gg → φ → X cross section for X = γγ, ZZ, hh, and WW as functions of mφ are shown by the
grey regions in each of the respective plots. (The
√
s=8 TeV limits are included by extrapolating
to
√
s=13 TeV using the standard gg luminosity scaling factors provided by the HCWG [26].) For
those final states above which are actually observed in a variety of decay channels, we determined
which decay channel led to the strongest limit after correcting for (i.e. dividing by) the relevant
branching ratio. At any given mass and for any one of the above final states, it is the strongest
limit that is employed to place a limit on Λφ.(The complete list of experimental limits used is given
in Appendix A). The predictions of the model are shown for mg1 = 3 TeV (red) and m
g
1 = 5 TeV
(blue) for the choices of ξ=0, 0.15 and 0.3.
3.6 Limits on Λφ
The limits on Λφ coming from the relevant final states as a function of ξ for the sample
cases of mφ = (300, 500, 750, 1000) GeV are plotted in Fig. 10. From these plots, we see
that at the moment it is always the γγ final state that provides the strongest limit for
ξ values near the conformal point. In contrast, well away from the conformal point, it
is the ZZ final state that provides the strongest limit. The weakest bounds on Λφ arise
when ξ is in the regions where the γγ cross section is declining and the other cross sections
increasing. These are roughly: Λφ >∼ 3.8, 2.9, 2.4, 2 TeV for mφ = 300, 500, 750, 1000 GeV,
respectively.
Needless to say, for given choices of Λφ, mφ and m
g
1 to be consistent it must also be the
case that the Higgs-radion scenario fit the Higgs data for the 125 GeV state. To this end,
we examined the signal strength for all the measured channels and checked that corrections
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Figure 10: We plot the limits on Λφ coming from the important final states as functions of ξ for
mh = 125 GeV, mφ = 750 GeV, m
g
1 = 3 TeV.
to the 125 GeV couplings and production rates are all very small. To illustrate, Figure 11
shows the ratios µhgg(WW )(X) ≡ σ(gg(WW ) → h → X)/σSM(gg(WW ) → h → X), where
X = γγ, ZZ, bb¯, as functions of ξ for mh = 125 GeV, mφ = 750 GeV, m
g
1 = 3 TeV, color
coded according to Λφ. As expected, µ
h
gg(X) ' 1 so that the h is very SM-like for all ξ
values considered. The largest deviations from unity occur for the gg induced processes,
but are only of order a few percent even for the lowest Λφ values we consider.
4 However, if
ξ  0.3 then the µh values will become sufficiently large that deviations from unity would
become apparent with sufficiently large integrated luminosity.
4We have not considered the KK-loop contributions to the Higgs and radion couplings to massless gauge
bosons in our analysis. However, since in our work we employed the lower bound on the first KK-gluon
mode as mg1 ≥ 3 TeV, one can expect that the KK contributions to the loop-induced Higgs couplings to
the massless gauge bosons would be at most (10− 15)% relative to the t and W one-loop contributions, see
for instance Ref. [31]. On the other hand, the corresponding contribution to the couplings of the radion to
massless gauge bosons is negligible as compared to the “large” anomalous and bulk contributions.
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Figure 11: The above graphs show µhgg,WW (X) ≡ σ(gg,WW ) → h → X)/σSM(gg,WW ) → h →
X), where X = γγ, ZZ, bb¯, as functions of ξ for mh = 125 GeV, mφ = 750 GeV, m
g
1 = 3 TeV,
color coded according to Λφ.
4 Conclusions
In summary, the RS model is a solution to the hierarchy problem that does not require
any additional symmetries or a plethora of new particles — the only new particles would be
those associated with the extra-dimensional context. The latter include the KK excitations
of the gluon and other SM particles as well as the KK modes of the graviton and of the
extra gauge bosons associated with the bulk custodial symmetry and, the focus of this
paper, the scalar radion associated with stabilizing the extra dimension. Thus, it is of
great interest to explore limits on the model coming from the latest LHC data.
In this work we have studied the phenomenology of a heavy radion with mass mφ ≥
300 GeV in the RS model. A crucial feature in this model is the mixing between the
radion field and the Higgs field, introduced via a coupling of the Higgs field to the 4D Ricci
scalar parameterized by the mixing parameter ξ. The other important parameters of the
model are the vacuum expectation value of the radion field, Λφ and the mass of the first
excited KK gluon, mg1, Consistency of the model with limits on the brane curvature ratio
(k/MPl < 3) imply that Λφ values as low as 1 TeV are possible if m
g
1 = 3 TeV rising to
Λφ > 1.75 TeV if m
g
1 = 5 TeV (see Fig. 2). As a result, only for a very large limit on m
g
1 will
the model be inconsistent for values of Λφ in the few TeV range. Currently, direct searches
and electroweak precision data are consistent with mg1 as low as 3 TeV. Thus, it becomes
relevant to determine the constraints on Λφ in the RS model coming from direct searches
for the radion. Of course, these will depend on ξ and mφ and, to a much lesser extent, on
the value of mg1. In this paper, we have shown that limits on Λφ are quite significant if the
radion has mφ ≥ 300 GeV. (In a later paper, we explore scenarios with a light radion.)
The phenomenology of the radion-like eigenstate φ of the mixed Higgs-radion sector
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is quite sensitive to ξ. 5 The conformal limit of the theory corresponds to ξ = 1/6. Near
the conformal point, all the couplings of the φ to the massive SM fields are suppressed
while those to massless gauge bosons are large due to anomalous and bulk contributions,
implying that at the LHC the φ would be primarily produced by gg → φ and the branching
ratios BR(φ → Zγ) and BR(φ → γγ) would be large. (For a large gg → φ rate and for
large γγ and Zγ branching ratios the bulk contributions to the corresponding couplings
are especially important). In contrast, away from the conformal point the γγ and Zγ
branching ratios are small while those to WW,ZZ, tt¯, hh are large.
Given that there is no sign of a resonance enhancement (of small or modest width)
in any of these final states for any resonance mass, limits on the RS model as a function
of Λφ, mφ, ξ, and m
g
1 can be obtained. We have found it convenient to summarize these
limits as limits on Λφ as a function for ξ for given m
g
1 and mφ. Near the conformal point,
the strongest limits on Λφ derive from the γγ final state. For ξ values well away from the
conformal point, the ZZ final state typically provides the strongest limits. The weakest
lower bound ranges from Λφ >∼ 3.8 TeV at mφ = 300 GeV to Λφ >∼ 2 TeV at mφ = 1 TeV
with very weak sensitivity to mg1. As the LHC continues operation, it remains entirely
possible that a signal for the radion will be seen. If not, the above bounds will become
substantially stronger and slowly decrease the attractiveness of a TeV scale RS solution to
the hierarchy problem. Assuming no improvements in efficiencies and analysis techniques,
since the radion cross sections scale as 1/Λ2φ, the limits on Λφ will scale with integrated
luminosity as Λlimitφ ∝ [Lint]1/4, for fixed
√
s = 13 TeV.
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A Experimental bounds
In this Appendix, Table 1 collects all the experimental ATLAS and CMS references
for Run-1 and Run-2 employed in our analysis.
Table 1: Relevant experimental data from ATLAS and CMS experiments for Run-1 and Run-2
employed in our analysis.
Experiment Final state decay channels Mass range Reference Notes
ATLAS Run-1 ZZ → llll + llνν + llqq + ννqq 140− 1000 GeV [32] 20.3 fb−1
WW → lνlν + lνqq 300− 1500 GeV [33] 20.3 fb−1
γγ 500− 3000 GeV [34] 20.3 fb−1
hh→ bb¯bb¯ 500− 1500 GeV [35] 19.5 fb−1
hh→ bb¯γγ 260− 500 GeV [36] 20 fb−1
t¯t 400− 2600 GeV [37] 20.3 fb−1
ττ →lep+had+lep/had 94− 1000 GeV [38] 20.3 fb−1
Zγ 300− 1600 GeV [39] 20.3 fb−1
jj 400− 4200 GeV [40] 20.3 fb−1
CMS Run-1 γγ 150− 900 GeV [41] 19.7 fb−1
hh→ bb¯γγ 260− 1100 GeV [42] 19.7 fb−1
hh→ bb¯bb¯ 260− 1100 GeV [43, 44] 17.9 fb−1
hh→ bb¯ττ 230− 2700 GeV [45–47] 18.3 fb−1
ATLAS Run-2 ZZ → llll 200− 1000 GeV [48] 14.8 fb−1
ZZ → llνν 300− 1000 GeV [49] 13.3 fb−1
ZZ → llqq 330− 3000 GeV [50] 13.2 fb−1
ZZ → ννqq 350− 3000 GeV [50] 13.2 fb−1
WW → eνµν 300− 3000 GeV [51] 13.2 fb−1
WW → lνqq 500− 3000 GeV [52] 13.2 fb−1
γγ 200− 2400 GeV [27] 15.4 fb−1
hh 260− 500 GeV [53] 13.3 fb−1
t¯t 400− 1000 GeV [54] 13.2 fb−1
ττ → had+lap/had 200− 1200 GeV [55] 3.2 fb−1
Zγ →
<1500 GeV
llγ +
>700 GeV
qqγ 260− 2750 GeV [56] 3.2 fb−1
Zγ → llγ 250− 2400 GeV [57] 3.2 fb−1
CMS Run-2 ZZ → llll 140− 2500 GeV [58] 12.9 fb−1
WW → lνlν 200− 1000 GeV [59] 2.3 fb−1
γγ (combined Run-1/2) 500− 3500 GeV [28] 3.3/19.7 fb−1
hh→ bb¯bb¯ 230− 1200 GeV [60] 2.3 fb−1
hh→ bb¯bb¯ 900− 3300 GeV [61] 2.7 fb−1
hh→ bb¯γγ 250− 900 GeV [62] 2.7 fb−1
hh→ bb¯ττ 250− 900 GeV [63] 12.9 fb−1
hh→ bb¯lνlν 260− 500 GeV [64] 2.3 fb−1
ττ → lep+had+lep/had 90− 3200 GeV [65] 12.9 fb−1
ττ → lep+had+lep/had 90− 3200 GeV [65] 12.9 fb−1
bb 550− 1200 GeV [66] 2.69 fb−1
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